Abstract Accurate profiling of lipidomes relies upon the quantitative and unbiased recovery of lipid species from analyzed cells, fluids, or tissues and is usually achieved by two-phase extraction with chloroform. We demonstrated that methyl-tert-butyl ether (MTBE) extraction allows faster and cleaner lipid recovery and is well suited for automated shotgun profiling. Because of MTBE's low density, lipid-containing organic phase forms the upper layer during phase separation, which simplifies its collection and minimizes dripping losses. Nonextractable matrix forms a dense pellet at the bottom of the extraction tube and is easily removed by centrifugation. Rigorous testing demonstrated that the MTBE protocol delivers similar or better recoveries of species of most all major lipid classes compared with the "gold-standard" Folch or Bligh and Dyer recipes. Recent developments in mass spectrometric technology enabled the comprehensive characterization of eukaryotic lipidomes, fostering the molecular biology of lipids and metabolism-related disorders (reviewed in Refs. 1-4). Typically, lipidome profiling by mass spectrometry proceeds along LC-MS or shotgun approaches. The former identifies and quantifies lipid species preseparated by normal or reversed-phase chromatography coupled online to a mass spectrometer, which is capable of fast acquisition of MS or MS/MS spectra (5-8). In contrast, in shotgun lipidomics, total lipid extracts are infused directly into a mass spectrometer, and the molecular characterization of lipid species relies either on the accurately determined m/z of precursor ions (9) or on the detection of specific fragment ions or neutral losses in tandem mass spectrometric experiments (1, 9-12).
Recent developments in mass spectrometric technology enabled the comprehensive characterization of eukaryotic lipidomes, fostering the molecular biology of lipids and metabolism-related disorders (reviewed in Refs. [1] [2] [3] [4] . Typically, lipidome profiling by mass spectrometry proceeds along LC-MS or shotgun approaches. The former identifies and quantifies lipid species preseparated by normal or reversed-phase chromatography coupled online to a mass spectrometer, which is capable of fast acquisition of MS or MS/MS spectra (5) (6) (7) (8) . In contrast, in shotgun lipidomics, total lipid extracts are infused directly into a mass spectrometer, and the molecular characterization of lipid species relies either on the accurately determined m/z of precursor ions (9) or on the detection of specific fragment ions or neutral losses in tandem mass spectrometric experiments (1, (9) (10) (11) (12) .
Regardless of the analytical approach used, its success depends on the completeness of the extraction of lipids from corresponding cells, fluids, or tissues. Lipids of all major classes could be recovered via chloroform/methanol extraction, typically according to the Folch, Lees, and Sloane Stanley (13) or Bligh and Dyer (14) recipes (15) , in which they are mostly enriched in the chloroform phase.
Electrospray mass spectrometry, a major tool for analyzing complex lipidomes, is particularly sensitive towards the quality of lipid extracts. Coextracted components of biological matrix and salts (often, without further definition, termed background) affect both the sensitivity and specificity of lipid analysis. Often, abundant background ions obscure lipid precursors, and their MS/MS spectra are densely populated with "ghost" peaks and abundant chemical noise. Adducts with common background cations (sodium, potassium) and anions (chloride) increase the ambiguity of molecular species assignment and affect the accuracy of quantitative determination.
Because of the higher density of chloroform compared with a water/methanol mixture, it forms the lower phase of the two-phase partitioning system. While collecting the chloroform fraction, a glass pipette or a needle of the pipetting robot reaches it through a voluminous layer of nonextractable insoluble matrix, usually residing at the interface of the water/methanol and chloroform phases. However, even a minute amount of insoluble precipitate accidentally grabbed together with the chloroform fraction clogs the electrospray ion source or LC system, because of the micrometer size of the spraying orifice and/or connecting tubing. We note that, because of high density and the viscosity of chloroform, centrifugation is usually of little help. Although mass spectrometry enables lipid profiling at the low femtomole level, much higher amounts are usually required to circumvent the difficulties in handling microvolumes of total extracts and ensure the sufficient stability of the analytical pipeline.
Additionally, the known carcinogenicity of chloroform involves considerable health risk for laboratory personnel (16) . Also, chloroform decomposition yields phosgene and hydrochloric acid, inflicting chemical modification of labile lipid species (17) .
Here, we report an extraction protocol specifically developed for shotgun profiling of complex lipidomes from samples with excessive amounts of biological matrices. Lipid extraction by methyl-tert-butyl ether (MTBE)/methanol (18, 19) greatly simplifies sample handling and enables automated processing of minute amounts of biological samples. Rigorous testing established that the recovery of lipid species of almost all major classes is the same or better than was typically achieved by the Folch recipe (13), which is generally regarded the "gold standard" in lipid biochemistry.
MATERIALS AND METHODS

Materials and lipid standards
Synthetic lipid standards were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL); MTBE and 2-propanol were from Sigma-Aldrich Chemie GmbH (Munich, Germany). Chloroform, methanol, and ammonium acetate were LC grade; water with 0.1% ammonium acetate was LC-MS grade and purchased from Fluka (Buchs, Switzerland). LC-MS-grade water was purchased from Fisher Scientific (Loughborough, UK).
Sample preparation
Escherichia coli (NA-22 strain) were grown on Luria-Bertani medium, collected by centrifugation, washed three times by M9 solution (22 mM KH 2 PO 4 , 22 mM Na 2 HPO 4 , 85 mM NaCl, and 1 mM MgSO 4 ) followed by rinsing with 0.1% ammonium acetate, and frozen.
A sample of mouse brain tissue was dissected from adult mouse of NMRI strain. Brain hemispheres were separated and minced into small pieces in ice-cold 0.1% ammonium acetate followed by homogenization in a Potter homogenizer.
The daf-22 strain of Caenorhabditis elegans was grown on NGM agar plates with E. coli (NA-22 strain) as a food source (20) . To collect eggs, worms were bleached with basic hypochlorite solution as described (21) . To remove worm debris, egg suspension was filtered through 80 mm nylon mesh, rinsed with LC-MS-grade water, and frozen in liquid nitrogen in 200 ml aliquots.
Lipid profiling by quadrupole time-of-flight mass spectrometry
Mass spectrometric analysis was performed on a modified QSTAR Pulsar i quadrupole time-of-flight mass spectrometer (MDS Sciex, Concord, Canada) equipped with a robotic nanoflow ion source NanoMate HD (Advion BioSciences, Ltd., Ithaca, NY). Ionization voltage was set to 1.05 kV, gas pressure to 1.25 p.s.i., and the source was controlled by Chipsoft 6.3.2 software (Advion BioSciences). All lipid samples were diluted in MS-mix buffer [7. 5 mM ammonium acetate in chloroform-methanol-2-propanol (1:2:4, v/v/v)] and infused at the flow rate of ?250 nl/min. A typical sample volume of 10 ml allowed 35 min of stable electrospray time. Data-dependent acquisition (DDA) experiments were performed as described previously (22) . The analytical quadrupole Q1 was operated under the unit resolution settings, and fragments were detected within the m/z range 100-1,000. Each MS/MS spectrum was acquired for 10-30 s under the fixed collision energy offset of 40 eV. Lipid species were identified and quantified using LipidInspector software (22) .
Mass spectrometric analysis of lipids from human plasma extracts
Plasma lipid extracts were analyzed by direct flow injection on a triple quadrupole mass spectrometer (Quattro Ultima; Micromass, Manchester, UK) equipped with an electrospray ion source as described (23, 24) . Briefly, 20 ml of total lipid extracts was injected for each lipid class-specific analysis using a HTS PAL autosampler (Zwingen, Switzerland) and an Agilent 1100 binary pump (Waldbronn, Germany). A mixture of methanol-chloroform (3:1, v/v) containing 7.5 mM ammonium acetate was purged through the system starting at the flow rate of 55 ml/min for 6 s, followed by 30 ml/min for 60 s, and then increased to 250 ml/min for another 12 s. Data were acquired for 1.3 min. Quantification of phosphatidylcholine (PC), sphingomyelin (SM), lysophosphatidylcholine, phosphatidylethanolamine (PE), PE-plasmalogen, and ceramide (Cer) relied upon lipid class-specific fragments ( Table 1) . Free cholesterol and cholesteryl esters (CEs) were analyzed by selected reaction monitoring (25) . Data analysis, including deisotoping and quantification, was performed as described (23, 26) . 
TLC analysis
Lipid extraction recipes
Extraction with MTBE. Methanol (1.5 ml) was added to a 200 ml sample aliquot, which was placed into a glass tube with a Teflonlined cap, and the tube was vortexed. Then, 5 ml of MTBE was added and the mixture was incubated for 1 h at room temperature in a shaker. Phase separation was induced by adding 1.25 ml of MS-grade water. Upon 10 min of incubation at room temperature, the sample was centrifuged at 1,000 g for 10 min. The upper (organic) phase was collected, and the lower phase was reextracted with 2 ml of the solvent mixture, whose composition was equivalent to the expected composition of the upper phase [obtained by mixing MTBE/methanol/water (10:3:2.5, v/v/v) and collecting the upper phase]. Combined organic phases were dried in a vacuum centrifuge. To speed up sample drying, 200 ml of MS-grade methanol was added to the organic phase after 25 min of centrifugation. Extracted lipids were dissolved in 200 ml of CHCl 3 /methanol/water (60:30:4.5, v/v/v) for storage.
Extraction according to Folch. Methanol (1.5 ml) was added to 200 ml of the sample aliquot and vortexed. Then, 3 ml of CHCl 3 was added, the mixture was incubated for 1 h at room temperature in a shaker, and then phase separation was induced by adding 1.25 ml of water. The extract was left for 10 min at room temperature and then centrifuged at 1,000 g for 10 min. The lower (chloroform) phase was collected, and the upper phase was washed with 2 ml of the solvent mixture, whose composition was equivalent to the assumed composition of the lower phase (CHCl 3 /methanol/water, 86:14:1, v/v/v). Combined organic phases were dried in a vacuum centrifuge and dissolved in 200 ml of CHCl 3 /methanol/water (60:30:4.5, v/v/v) for storage.
Recovery of lipid standards
Aliquots of 20 ml of 20 mM lipid standard solutions in CHCl 3 / methanol/water (60:30:4.5, v/v/v) were pipetted into 2 ml Eppendorf tubes and dried in a vacuum centrifuge. A total of 20 ml of MS-grade water was added to each tube, and lipid extraction was performed according to the Folch or MTBE protocol as described above. Collected organic phases were dried and redissolved in 1 ml of MS-mix containing 400 nM of another lipid of the same class that served as an internal standard. As internal standards, PC 18:0/18:0, PE 17:0/17:0, phosphatidylinositol (PI) 17:0/17:0, C24:1 b-D-galactosylceramide, and diacylglycerol 16:0/18 were used. Control samples were prepared by pipetting the same volumes of lipid stock solutions into Eppendorf tubes, drying, and dissolving in MS-mix containing the same amount of the internal standard. Each extraction experiment was performed in triplicate, and each extract was independently analyzed three times. Survey time-of-flight (TOF) MS spectra were acquired for 5 min with an accumulation time of 1 s. The lipid standard recovery was estimated as the ratio of the intensities of monoisotopic peaks of the extracted compound and the internal standard of the same lipid class.
In a separate series of experiments, the PI lipid standard was processed as described above, but instead of water 20 ml of E. coli cell suspension containing 1.8 E07 cells was added to the tube. The recovery was estimated by multiple reaction monitoring in negative ion mode as the ratio of the peak areas of the phosphoinositol fragment with m/z 241.02 obtained from the extracted compound and the internal standard.
Comparison of MTBE and Folch extracts from E. coli
Cells from overnight bacteria culture grown on DMEM were collected by centrifugation, washed with 0.1% ammonium acetate in water, and resuspended in 0.1% ammonium acetate. Six aliquots, each containing 5.4 E10 cells in 200 ml, were placed into glass tubes; three aliquots were extracted according to Folch and the other three aliquots were extracted with MTBE as described above. Lipid extracts were diluted 1:100 with MSmix and independently analyzed two times.
Lipid profiles were obtained by the interpretation of DDA data sets by LipidInspector software, which emulated specific neutral loss scans, precursor ion scans, and Boolean scans (25) . For E. coli extracts, profiles of PE and phosphatidylglycerol (PG) Table 1 ). The PI profile was determined in negative ion mode by emulating precursor ion scans for the head group fragment with m/z 241.02. Peak areas of individual lipid species were normalized to the sum of peak areas of all detected lipid species of the lipid class.
Comparison of MTBE and Folch extracts from mouse brain
Brain tissue from adult mouse NMRI strain was rinsed in 0.1% ammonium acetate in water, cut into small pieces, and homogenized in 0.1% ammonium acetate in water in a Potter homogenizer on ice. Aliquots (200 ml) of homogenate containing 40 mg of proteins were taken in triplicate and extracted according to the Folch and MTBE protocols. The lipid extracts were diluted 1:100 with MS-mix and analyzed twice. Profiles for PE, PE-plasmalogen, phosphatidylserine (PS), PC, and hexosylceramides were obtained as described above (Table 1) .
Comparison of MTBE and Folch lipid extracts of C. elegans
Six aliquots of the suspension in MS water of C. elegans eggs (each of 200 ml or ?900 eggs) were subjected to three rounds of freezing-thawing, and then three aliquots were extracted according to the Folch protocol and three were extracted according to the MTBE protocol. To obtain lipid profiles, each extract was diluted 1:10 with MS-mix and analyzed in triplicate. PC, PE, PE-plasmalogen, and PS lipid profiles were determined as described above (Table 1) . For Bligh and Dyer extraction, 20 ml of plasma was diluted up to the volume of 800 ml with water. Three milliliters of the methanol-chloroform (2:1, v/v) mixture was added and left for 1 h at room temperature (14) . Phase separation was achieved by adding 1 ml of CHCl 3 and 1 ml of water. For MTBE extraction, 80 ml of water was added to the plasma samples and extracted as described above, although repetitive extraction of the lower (aqueous) phase was omitted.
Comparison of MTBE with the Bligh and Dyer extraction of human blood plasma
Two milliliters of organic phase collected according to both protocols was further processed by a pipetting robot (Tecan Genesis, Männedorf, Switzerland) equipped with four fixed Tefloncoated needles. To avoid cross-contamination, the needle was washed with methanol-chloroform (1:1, v/v) solvent. For both lipid extraction procedures, the organic phase was recovered at a fixed z-position from the lower chloroform and upper MTBE phases, respectively. Both positions were chosen to avoid extract contamination by the aqueous phase. Z-movement of the needles was performed with reduced speed for the chloroform phase to prevent sample dripping. Organic phases were transferred to standard 1.5 ml glass autosampler vials.
In total, 1,600 ml of the organic phase was recovered from each sample, of which 1,000 ml was used for phospholipid analysis and the remaining 600 ml was used for cholesterol analysis.
The solvent was removed by vacuum centrifugation, and lipids were dissolved in 1,000 and 600 ml of methanol-chloroform (3:1, v/v) containing 7.5 mM ammonium acetate for phospholipid and cholesterol analysis, respectively.
To determine the recoveries of PCs, SMs, PEs, LPCs, Cers, cholesterol, and CEs, three plasma samples with low, medium, and high lipid content (ranked by a separately determined total cholesterol index as follows: low, ,83 mg/dl; medium, 207-282 mg/dl; high, .282 mg/dl) were extracted in triplicate.
Absolute quantities of lipid species were determined by extracting 10 aliquots of a plasma sample 10 times as described above.
RESULTS
Lipid extraction with MTBE
Previous observations indicated that MTBE could replace chloroform in popular solvent systems used for lipid extraction. The established extraction routine is, in general, similar to the Folch or Bligh and Dyer protocols. In the first step, samples were extracted within a one-phase system allowing optimal contact between extraction solvent and biological material.
Lipids were recovered into the MTBE phase, which, because of its lower density, was the upper phase of the two-phase solvent system. In contrast to the Folch recipe, nonextractable matrix resided in the aqueous phase at the bottom of the extraction vial, whereas the organic phase enriched with lipids was easily accessible by the micropipette from the top (Fig. 1) . This feature was especially useful for extracting lipids from C. elegans, which left behind voluminous nonextractable debris that heavily contaminated the chloroform fraction collected with the Folch recipe; therefore, an additional microfiltering step was required to clear it up before ESI-MS analysis.
Validation of the MTBE extraction protocol
The MTBE extraction procedure was validated in three ways. First, we determined the absolute recoveries of several synthetic lipid standards of various classes under fully controlled experimental settings and compared them with the recoveries achieved by the Folch method. Once we established that the recovery of both methods was almost quantitative, we used the Folch recipe as a reference to determine whether lipid yields were influenced by various biological matrices and whether they depend on the structural properties of lipid species. Finally, MTBE extraction was automated and applied for high-throughput screening of human blood plasma lipidomes.
Absolute recoveries of lipid standards by the MTBE and Folch methods
Using synthetic standards, we first determined what absolute lipid recoveries were achievable using the Folch and MTBE recipes. To this end, 20 pmol of lipid standards of five lipid classes was extracted, and their recoveries were determined by mass spectrometry using internal standards of the same class and similar mass and whose concentrations were exactly known ( Table 2) . Depending on the lipid class, the recovery achieved by both methods was very similar, varying within 90-98%. The only notable exception was the PI standard, which was more extractable by MTBE. The same tendency was observed in extracting the PI standard spiked into E. coli total lipid extract: 67.3 6 4.7% was recovered by Folch and 81.3 6 8.1% by MTBE. Therefore, we concluded that, in further experiments, we could benchmark MTBE extraction efficiency relative to the Folch method, relying upon the relative abundance of peaks of individual species.
The yield of extracted lipids is independent of the biological matrix
The MTBE and Folch protocols were applied to recover lipids from several popular model organisms, such as E. coli, mouse brain, and C. elegans, representing an example of cell culture, intact animal, and animal tissue, respectively. Exactly the same samples were extracted in parallel by both methods, recovered lipids were analyzed by TLC, and individual lipid species were quantified by shotgun DDA profiling on a quadrupole time-of-flight mass spectrometer (22) .
The E. coli lipidome consists mostly of PE (?75%) and PG (?20%) (27) . Almost identical (with respect to detected species and absolute signal intensities) survey TOF mass spectra were acquired, suggesting that the extraction yields were similar for both methods and were independent of Values shown are % (means 6 SD). Recoveries of 20 pmol of lipid standards after Folch or MTBE extraction were determined by comparison with the intensities of monoisotopic peaks of the corresponding internal standards. lipid class and the individual fatty acid composition of the species. This notion was independently confirmed by TLC analysis (see supplementary Fig. IA) . Furthermore, the m/z profiles of background peaks were also similar.
DDA-driven lipid profiling in positive ion mode revealed the same total number and mol% content of PE and PG species (Fig. 2C, D) . In total, we quantified 27 species of PEs and 11 species of PGs (see supplementary Fig. IIA) , which again agreed with recently published evidence (28) .
Next, the Folch and MTBE protocols were applied to extract lipids from adult mouse brain tissue. TOF MS analysis of the extracts produced almost identical spectra (Fig. 3A, B) and was further corroborated by TLC analysis (see supplementary Fig. IIB) . The DDA-driven profiling revealed 158 lipid species from eight lipid classes (see supplementary Fig. IIB) . A total of 110 of 158 species represented lipids from the most abundant PC, SM, and PE classes (Fig. 3C, D) , whereas the rest were assigned to relatively minor species from hexosylceramide and PS classes. Importantly, the relative abundance of major and minor species recovered by both methods was almost identical, suggesting that corresponding organic phases (MTBE and CHCl 3 ) were not saturated with lipids. MTBE and Folch extraction of intact C. elegans also produced identical patterns of lipid peaks, detecting, in total, 116 lipid species from five major lipid classes (Fig. 4A, B ; see supplementary Figs. IIC, III). Importantly, profiles of glycerophospholipids identified in positive ion mode, including species with moieties of polyunsaturated fatty acids, were identical in both extracts (Fig. 4C-F) .
Automated MTBE extraction of lipids from human plasma
The MTBE protocol was further adapted for automated extraction of human blood plasma and used in clinical lipidomics screens (23, 24) . In parallel, the same plasma samples were extracted by the Bligh and Dyer method using the same robotic setup.
The absolute extraction recovery was tested by processing three plasma samples with low, medium, and high lipid content. Both Bligh and Dyer and MTBE methods recovered the same amount of lipids of major classes ( Table 3) , with very similar coefficient of variation, which was ,6% (see supplementary Fig. IV) . MTBE extraction recovered slightly more ceramides from high-lipid-content plasma samples compared with the Bligh and Dyer recipe.
To estimate the accuracy of automated lipid profiling, 10 equal aliquots of the same plasma sample were extracted according to either the MTBE or the Bligh and Dyer method. Mass spectrometric analysis of the extracts revealed .130 lipid species of six major lipid classes (PC, SM, PE, CE, Cer, and LPC; see supplementary Fig. IID ), which were detected above the limit of quantification (coefficient of variation < 20%). Species with relative abundance . 0.5 mol% of the total content of the corresponding lipid class are presented in Fig. 5 . No differences in the lipid profiles of the most abundant lipid classes, PC, SM, CE, and LPC, or for the low-abundance PE and PE-plasmalogens, were observed (Fig. 5) .
Therefore, we conclude that the MTBE recipe was well suited for automated lipid extraction of biological fluids and produced the same or slightly better recoveries as the established Bligh and Dyer method.
DISCUSSION
Recent developments in mass spectrometry have enabled comprehensive quantitative profiling of eukaryotic lipidomes. Although lipid extraction from cells, fluids, or tissues is a serious bottleneck in the automated lipidomics pipelines, it received little attention, and the methods palette is typically confined to the Folch or Bligh and Dyer recipes. The MTBE extraction procedure reported here allowed faster and cleaner recovery of most of the major lipid classes and was well suited for shotgun profiling, in which total extracts were infused directly into a mass spectrometer with no prior cleanup. The advantage of MTBE extraction over conventional two-phase chloroform-containing solvent systems came from the low density of the lipid-containing organic phase that forms the upper layer during phase separation. This greatly simplified its collection and minimized dripping losses. Furthermore, compared with chloroform, MTBE is nontoxic and noncarcinogenic (29, 30) , which reduces the environmental burden as well as the health risks for exposed personnel. It is also noncorrosive and chemically stable, forms no peroxides during storage, and hence presents no danger of degrading labile lipids (31) .
Rigorous testing that encompassed in four diverse biological matrices .400 species from 12 major lipid classes convincingly demonstrated that the MTBE protocol delivered similar or better recoveries, compared with the gold-standard Folch or Bligh and Dyer recipes, and revealed no specific limitations of the method. It enabled efficient processing of cells, biological fluids, and tissues and was easy to automate using a conventional micropipetting robot, hence paving the way to shotgun highthroughput profiling of complex lipidomes in a fully automated manner (9, 12, 22) . Cholesteryl ester (CE) lipid species profile normalized to total CE content. E: Lysophosphatidylcholine (LPC) lipid species profile normalized to total LPC content. F: PE-plasmalogen profile normalized to total PE-plasmalogen content. Profiles are displayed in mol% for lipid extracts obtained by the Bligh and Dyer or MTBE protocol. All species at .0.5 mol% are displayed. Bligh and Dyer extract is designated with black bars, and MTBE extract is designated with white bars (means 6 SD; n 5 10).
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